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Abstract. The consistent force-field method developed by Niketic and Rasmussen was applied in 
molecular-mechanics calculations on the hexamer and hexadecamer of tert-butyl isocvanide, 
[(CH3)3C - N  =  C <]„, // — 6 and 16. Due to the limitations of the computer programme, calcula­
tions on the latter oligomer required a united atom approximation for the methyl groups. From the 
results, it is concluded that a compact helical conformation with a backbone torsional angle of 
78.6° and 3.76 units per turn is the energetically most favourable state of these oligomers.
Introduction
Experimental data on polymers of isocyanides, [R -N  =  C 
<]„, point to a rigid-rod helical configuration1-3. Such a 
configuration, however, has never been directly observed. 
To obtain additional support for the helical configuration, 
molecular-mechanics calculations on oligomers of tert- 
butyl isocyanide have been performed. From the existing 
molecular mechanics computer programmes, we chose the 
Consistent-Force-Field (CFF) method, in particular, that 
developed by Niketic and Rasmussen45, for two reasons:
• To a large extent, the conformation of the polymers is 
thought to be forced by atropisomerism resulting from 
bulky side chains R. Non-bonded interactions are, 
therefore, expected to be important. The CFF pro­
gramme developed by Niketic and Rasmussen has been 
successfully applied to the highly strained tris-tert- 
butylmethane0 and the applied potential-energy func­
tion (PEF), called PEF400, is relatively simple.
•  The programme is well documented, kept upda ted7 and 
contains a PEF optimization procedure.
The term consistent in CFF emphasizes the main feature 
of the method, which is the calculation of different p rop­
erties from the same PEF for a class or classes of molecules 
for which this PEF has been derived. For our purposes, 
the programme had to be extended with potential energy 
data of the imino function (PEFIM). To this end, an 
optimization procedure was performed by fitting calcu­
lated to observed gas-phase structures and vibrational 
frequencies of six small imines. The results of this proce­
dure have been described in an earlier p a p e rs, in which 
all relevant parameters are also listed. The six small 
imines all have planar conformations.
§ Part of the thesis o f C.J.M. Huige, U trech t,  1985. For more 
details, the re a d e r  is re fe rred  to this thesis.
t  I *
Present address: D ep a r tm en t  of O rganic  Chemistry, Nijmegen 
University, Toernooiveld , 6525 E D  Nijmegen, The N etherlands.
For an application to oligomers of tert-butyl isocyanide, a 
further extension of the CFF method was required, be­
cause of the possibility of rotation about backbone C - C  
bonds. From ab-initio calculations of the potential energy 
as a function of rotation about the C - C  bond in two 
model compounds, viz. (E ,  £)- l ,2 -e thanediim ine, ( £ ,  E)- 
N,N-dimethylethanediimine, it was concluded that, in 
CFF, a torsional term of the form 1 / 2  • K ({) • (1 — cos(2tf(/)), 
d> representing the N =  C - C  =  N torsional angle, sufficed 
to reproduce the observed behaviour. The actual value for 
K (}) (4.2 k J /m o l;  Table III, N - K - K - N )  was found by 
fitting the experimental gas-phase gauche/trans  ratio in 
( £ ,  £)-A^N'-di-teri-butylethanediimine9,10.
In the present paper, the C FF  calculations are extended 
to the hexamer and hexadecamer of tert-buty\ isocyanide.
Results and discussion
In molecular mechanics, the calculated equilibrium con­
formations depend on the initial conformations from which 
the potential-energy minimization was started. Particu­
larly for large molecules, the so-called multiple-minima 
problem exists. A priori, the initial conformation leading 
to the global minimum, i.e., the lowest energy conform a­
tion, is unknown. To prove, therefore, that the examined 
oligomers assume helix structures, minimization on heli­
cal, partly helical and non-helical initial conformations 
was performed, after which the global minimum could be 
selected. The generation of initial helical conformations 
of this type of compounds is described in the experimental 
part.
For the hexamer, i.e., hexa[(/e/Y-butylimino)methylene], 
with all /¿7'f-butyl groups pointing upwards referred to the 
molecular helical axis in the vertical orientation, six heli­
cal minima were found, depending on the original value 
of the backbone torsional angles, which were all taken as 
equal within a particular initial conformation (Table I, 
conformations 1-6).
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Figure 1. Stereouiew o f  the absolute minimum-energy conformation (Table I. conformation 1) o f hexaf (tert-butylimino)methylenej with (E, Z)-dimeric 
moieties only (PEFIM, E tota, =  -  193.98 kJ /m o l) . Backbone carbon atoms are indicated by black spheres and nitrogen atoms by dotted spheres.
Table I Molecular-mechanics results for helical conformations and one “kinked " conformation o f  hexaI (tert-butylimino)methylene] using PEFIM.
Conform ation no
1 3 5 8
E ( to ta l ) / (k J /m o l )
G(300 K ) / ( k J / m o l ) a
A n g le /(d eg ree )
<¿>5
<f) 3
a
b
c
a ,d
/ 3 d
/Y(300 K ) / ( k J /m o l )  
5(300 K ) / ( J /m o l  K) 
E ( b o n d ) / (k J /m o l )  
£ ( / ' ) / (  k J /m o l)  
E(d))/( k J /m o l)  
£ (v d \V a a ls ) / (k J /m o l)  
£ (C o u lo m b ) /(  k J /m o l)  
I >Lt | / ( Debije)
¿initial / (d e g re e )
-  193.98
1843.79
/ d  d (f) y
60.8 - 3 . 3  
61.6 24.6 
70.1 15.1
82.0 45.7
84.0 41.8 
- 1.2
71.7
71.2
128.8
116.4
124.5 
2029.13
617.80 
20.55 
202.07 
64.97 
-3 6 3 .0 7  
-1 1 8 .5 0  
3.53 
90.0 
(rot) e
-1 9 3 .3 1
1845.74
<f> y
53.7 34.0 
66.6 8.8 
87.9 -2 0 .1  
103.5 - 2 3 .0  
72.5 37.1
9.3
76.8 
86.0 
129.2 
116.6 
124.5 
2028.43 
608.98 
21.69 
203.62 
57.53 
-  356.30 
-1 1 9 .8 7  
3.60 
90,
110
-  193.00 
1852.66
cf> y
61.3 - 8 . 3
79.3 - 4 1 .2
61.9 24.5 
68.1 33.8
91.9 - 1 3 .8  
-  11.9
72.5
69.8
128.9
116.7
125.1
2033.90
607.46
21.91
211.43
58.54
-  366.39 
-1 1 8 .5 0
2.99
60.0
-  190.26 
1864.49
d  y
76.9 - 3 3 .2
80.2 - 3 8 .7
56.2 27.7 
80.5 - 1 6 .7
84.9 - 1 2 .3  
- 1 3 . 0
75.7
72.3
129.0
116.6
125.4
2039.86
584.58
42.93 
210.90
59.93
-  367.38
-  118.65
2.69
80.0
-  161.34 
1897.60
(b y
75.3 - 3 2 .6
74.5 - 3 5 .2
65.5 - 3 5 .9
76.6 -1 9 .1  
76.1 - 8 . 8
-  13.6 
73.6 
72.2
129.6
116.7 
126.4
2074.27
588.90
26.65
227.39
59.34
-  356.89 
-1 1 7 .8 3
3.13 
80.0 
(rot) c
-9 0 .3 9  
1953.39 
d) y 
129.6 - 3 . 1  
108.0 11.1 
165.9 -4 9 .1  
96.9 -2 3 .1  
168.1 - 4 0 .2  
- 4 6 .7
133.7 
123.6 
130.5 
114.3
126.8 
2136.57
610.61 
29.00 
266.49 
72.16 
-  332.33 
-125 .71  
1.66 
130.0
- 1 5 5 .3 6  
1876.98
<t>
159.1
86.6
65.4
85.2
172.0
y
- 1 1 . 9
21.3 
12.8 
21.7
10.3 
- 3 5 . 5
-1 7 1 .2 8
1883.36
4>
74.5 
80.4
117.0 
41.7
126.1
y
-  13.0
-  17.8 
15.811
50.0 
- 3 1 .8  
52.4
122.0
122.3
125.0
2066.81
632.78
24.18
218.20
51.75
-3 2 7 .2 9
-1 2 2 .1 9
3.50
129.2 
117.0 
125.4 
2058.91 
585.15 
26.53 
214.11 
64.87 
-3 5 7 .4 7  
-1 1 9 .3 1  
2.53
Therm odynam ic quantities G, H  and .S are statistically calculated from the calculated vibrational trequencies only. They have only a relative 
meaning in o id e r  to com pare the several minima. 1 Mean value ot all live torsional angles N =  C—C =  N. L M ean value o f  th ree  inner torsion 
angles N =  C -C  =  N. d a  and a are the > C = N bond angles; (3 is the C =  N bond angle; y  are the six C =  N - C - C  torsion angles; (j) are  the 
five torsion angles N =  C - C  =  N. Except for the terminal ones, these angles are equal to the backbone torsional angles C - C - C - C  due to the 
planarity of the backbone sp~ carbon atoms. L (R ot) indicates that the initial conformation is obtained by rotation of tert-butyl groups from  ^
ano ther  minimum conformation obtained with the initial torsion angle indicated.
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Table II Potential-energy distribution over separate units (C = N  -tert-butyl) in hexamers as calculated with PEFIM and in a hexamer and a 
hexadecamer, calculated with UAPEF. PEFIM minima correspond with the ones in Table /. Energy’ in kJ /  mol ".
Unit Conform ation  of hexamer
1 2 3 U A P E F
1 -1 6 .6 5 -1 7 .9 5 -1 4 .3 1 10.84
2 - 3 1 .8 8 -  26.90 -3 1 .3 4 12.97
3 - 2 6 .7 4 -3 4 .1 0 -2 9 .7 5 12.72
4 -2 9 .7 5 -2 7 .1 5 - 3 0 .1 2 10.33
5 -4 3 .8 5 -4 4 .2 7 -4 1 .9 7 10.54
6 - 3 1 .4 2 -2 8 .9 9 - 3 1 .4 2 5.90
7
8 
9
10
11
12
13
14
15
16
H( begin) - 5 .8 2 - 6 .1 5 - 5 .2 7 - 4 . 4 8
/ / ( e n d ) - 7 .8 2 - 7 .6 6 - 8 . 5 8 - 1 0 .1 7
£ ( to ta l ) -  193.98 -1 9 3 .3 1 -1 9 3 .0 0 48.78
H exadecam er
U A P E F
13.72 
16.28 
16.53 
11.92
7.61 
7.57 
9.00
8.62
9.12 
9.04 
8.74
8.12 
9.37
10.88
15.81
5.27
- 6 .1 5
-1 1 .5 9
149.84
a Note that numerical values for energy obtained  from different, force fields are not to be com pared.
Three minima were found in the neighbourhood of the 
global minimum. Some of these minima were obtained 
from others by further minimization after rotating the 
/er/-butyl groups by hand to establish more regular side- 
chain conformations for all groups over the entire hex­
amer. To obtain one representative overall torsional angle 
N = C - C  =  N, the mean value of the inner three torsional 
angles was taken in order to eliminate, more or less, the 
end effects. Due to the planarity of the backbone sp2 
carbon atoms, this angle is equal to the mean backbone
torsional angle C - C - C - C .  From the free energy calcu­
lated at 300 K, conformation 1 (Figure 1) appears to be 
the global minimum with an average $ 3 of 71.2°. Confor­
mation 2 with an average </>3 of 86.0° is the second 
minimum and conformation 3 with an average <f>3 of 69.8° 
is the third. The potential energy at the three minima is 
almost equal, but the free energy of the third is somewhat 
higher. Thus, from the first and second minima, it is 
concluded that the torsional angle is in the range 71.2- 
86.0°, which gives an overall mean value of 78.6°. The
Table III United atom-potential energy' function (UAPEF) cl.
Bond deformations £/>-  E hondsl / 2 [ h' ( b - b 0)2]
K b b0( / A ) K b b0( / A)
C - C 2134 1.510 K - K  a 2510 1.490
C - M  b 2134 1.510 N - C 2092 1.450
C - H 2803 1.093 K - H 2904 1.089
K - N  c 5217 1.270 K - H 3535 1.020
Angle deformations Eanglcsl/ 2 [ K {)- ( 0 - ü 0)2]
K» $ 0( / r a d ) tf0( / r a d )
C - C - M 335 1.911 H - K - H 259 2.098
C - C - H 293 1.911 M - C - M 335 1.911
N - C - M 335 1.911 N - C - H 335 1.911
K - N - C 251 2.094 N - C - C 335 1.911
K - K - N 209 2.094 H - C - M 293 1.911
K - K - K 209 2.094 H - C - H 314 1.911
K - K - H 209 2.094 C - K - H 122 2.051
K - C - M 356 1.911 N - K - C 449 2.129
Torsional terms £</> ~  ^  torsions 1 / 2[ AT^ •[1 +  .?-cos(n </>)]]
K* S n 9 K* s n
K - N - C - C 5.3 - 3 H - K - N - C 62.8 — 2
K - N - C - M 5.3 — 3 N - C - C - M 0.01 + 3
H - K - N - H 62.8 — 2 N - C - C - H 0.01 4- 3
H - N - K - K 62.8 - 2 C - K - N - C 33.3 — 2
N - K - K - N 4.2 2 K - N - C - H 5.6 — 3
K - K - N - C 62.8 - 2 N - K - C - M 3.2 — 3
Non-bonded interactions £ nb =  EE,->y[^ 4 •  exp( — B u tu ) -  Cu / r  * ]  |
A B ( / A ) C A B( A) C
N - N 779000 4.55 837 N - K 887430 4.44 1021
C - C 175730 3.58 1498 N - H 117570 4.32 415
H - H 175730 4.86 238 M - H 133470 3.20 8740
K - K 175730 3.58 1498 C - M 448940 3.45 4293
K - C 175730 3.58 1498 K - M 448940 3.45 4293
C - H 175730 4.12 644 N - M 448940 3.45 4293
K - H 175730 4.12 644 M - M 1146000 3.33 12309
N - C 887430 4.44 1021
K indicates an ¿ /^-hybridized carbon atom, C an 5/ r -h y b r id iz ed  carbon atom. M is a methyl g roup  t rea ted  as one atom. c N indicates an 
iniino nitrogen, K - N  is a double  bond. d If not specified all units are such that the po ten tia l  energy is in k J /m o l .
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corresponding number of units per turn is 3.55 to 3.98, 
with a mean value of 3.76.
The conformation of the tert-butyl groups with respect to 
the C = N bonds is somewhat irregular in the three min­
ima found, in (£ ,  £ ) - M N '-di-te/7-butylethanediimine, 
one of the methyl groups is experimentally found in the 
plane of the C = N -C  angle10. Initial structures were 
always in this ‘eclipsed’ conformation, whereas, in the 
minima, the tert-butyl groups have rotated from this posi­
tion to a mean torsional angle, y, of approximately 20°, 
however, in different directions. This rotation is caused by 
high steric strain in the hexamer.
The potential energy of the separate units in the three 
helical conformations with minimum energy arc given in 
Table II. For all three conformations, the second, third, 
fourth and sixth units are found in approximately equal 
environments. The first units show higher strain and the 
fifth units lower strain, indicating interaction over one full 
turn of the helix. Thus, the translational order that would 
be expected for a regular polymer is not completely con­
firmed.
Conformations 4, 5 and 6 in Table I converged to local 
minima. Conformation 4 minimum is characterized by a 
relatively high bond strain energy together with disor­
dered orientations of the tert-butyl groups (y values in 
Table I). Rotation of these groups even increased the 
potential energy (Table I, conformation 5) because of 
enhanced angle strain energy. The strong backbone irreg­
ularity leading to the high strain energy in conformation 6 
indicated that an initial value of 130° for the backbone 
torsional angles was outside of the practical range.
An additional minimum (Figure 2 and Table I, conforma­
tion 7) contained (E, E )- and (Z, Z)-dimeric units, which 
means that the tert-butyl groups are alternately pointing 
up and down. The ( E , E)  units contained a planar trans- 
N = C - C  = N moietv at the start of minimization. A localmi
Table IV  Minimum-energy conformations (both initial d> = 90°) o f  the 
hexamer and the hexadecamer o f  tert-butyl isocyanide, using UAPEF. 
For meaning o f  symbols and units see Table I.
Figure 3. Absolute-minimum-energy conformation o f  hexadecaf (tert- 
butylimino)methyleneJ with (E, Z)-dimeric moieties only (UAPEF).
minimum was found and from its potential energy differ­
ence from the deepest minimum, it can be concluded that 
this alternating conformation will not occur.
A substantial deviation from smooth evolution of the 
helical conformation immediately results in a higher and 
more unfavourable energy state, as can be inferred from 
conformation 8 (Table I), where, before further minimiza­
tion, the inner torsional angle changed in sign. This change 
resulted in a ‘kink’ in the structure, with an angle of 
about 90° between the axes of both helical sections and at 
an energy 22.7 k J /m o l  above the global minimum. 
Calculations on a higher oligomer than the hexamer re­
quired simplification of the method. This simplification 
was found in applying a united atoms approximation to 
the methyl groups, in which these groups are treated as 
one atom located at the carbon centre. Some of the 
contributions to the potential energy function then re ­
quired adaptation. For the non-bonded interaction be­
tween this united atom and other atoms, we used an exp-6 
Buckingham potential, for which the parameters were 
taken from Granbaum  and Bulkinu , who reported 
liquid-crystal vibrational calculations in good agreement 
with experiment. The parameter values for non-bonded 
N - C H 3 interactions were set equal to those for C - C H 3. 
No point charges or lone pairs were taken into account. 
The parameters (U A PEF) are given in Table III.
The united-atom approach was applied to the hexade­
camer and, for comparison, also to a hexamer with initial 
backbone torsional angles of 90°. The results are given in 
Table IV and Figure 3. The torsional angles are rather 
constant in the middle section of the chain, with an 
average value over six angles of 84.6°, somewhat larger 
than the mean value of 80.8° (U A PEF) or 78.6° (PEFIM) 
in the hexamer. The mean strain per unit in the middle 
section of the hexadecamer has decreased from 11.9 
k J /m o l  in the hexamer (U A PEF) to 8.6 k J /m o l.  Al­
though some variation among the inner units in the hex­
adecamer is still found, translational order is almost ful­
filled. The effect of calculating longer chains using U A PEF 
is that the mean backbone torsional angle increases with 
approximately 4.0° compared to the average value in the 
hexamer. This difference is again a rather small correc­
tion. Based on these results, the mean torsional angle, 
78.6°, obtained from the hexamer PEFIM  calculations and 
the number of residues per helical turn, 3.76, are taken to 
be representative for polymer conformations. The molecu­
lar mechanics calculations presented in this paper, sup­
port the earlier assumptions that polymers of sec- and 
tert-alkyl isocyanides have a helical conformation.
Experimental
The initial conformations for input into the C F F  program m e were 
genera ted  from the rigid m onom er >  C =  N -C (C H  3)3. An ideal 
helical conlormation is de te rm ined  by three  indep end en t  p a ram e­
ters, viz., the backbone C - C  bond length d , the backbone C - C - C  
bond angle 0 and the backbone torsional angle (f). These  param eters
Hexam er H exadecam er
£ ( to ta l ) / ( k J /m o l ) 48.78 149.84
G(300 K ) / ( k J /m o l ) 337.25 847.11
</> y <t> y
67.9 11.9 59.6 -0.7
79.3 6.7 66.9 14.8
78.8 4.3 77.0 8.6
84.2 2.8 85.9 6.7
76.2 13.1 77.7 12.4
82.3 * 6.8
83.6 * 4.3
84.3 * 4.4
85.4 * 3.7
85.6 * - 0.6
85.2 -3.4
82.4 -3.6
93.3 - 11.1
68.0 28.6
¿all 77.3 80.2
80.8 84.6
a 126.2 125.5
a 116.0 112.3
ß 136.6 138.5
7/(300 K ) / ( k J /m o l ) 540.00 1400.36
5(300 K ) / ( J / m o l  K) 675.82 1844.16
E ( b o n d ) / ( k J /m o l ) 3.95 17.04
E ( d ) / {  k J /m o l) 104.53 346.08
£(</>)/( k J /m o l) 26.83 95.63
£ (v d W a a ls ) / (  k J /m o l) -86 .52 -  308.90
M ean backbone torsion angle, averaged over the 
angles indicated with * in the table.
: inner torsion
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are easily related to an equivalent set of 4 param eters ,  viz., the 
radius (/,,) of the resulting helical conform ation, the height (//) of 
translation along the vertical helix axis from one unit to the next, the 
angle (»//) of rotation about this axis from one unit to the next, and 
the angle (w) of the helix axis with the plane of the > C  =  N 
fragment. Starting from the unit >  C =  N - R ,  with the C atom in the 
origin of the coord inate  system and the fragment plane coincident 
with the z =  0 plane, a helical conform ation consisting of m 
monomeric units is built up by repea ted  application of the transfo r­
mation
R l - ' W T r \ h ) R A ^ ) T M a)
to the starting fragment coordinates, with n = 1,2,. . . , m  and in which 
7 v(/‘0) is a translation along the x  axis, placing the backbone carbon 
atom on the cylindrical plane described by the backbone carbon 
atoms; R v(co) is a ro tation about the x  axis, giving the m onom eric  
plane the correct tilt with respect to the helical axis; 77' ’(/i) is n — 1 
times a translation o f  h A along the helical axis and R " '(<//) is
ii -  1 times a rotation about the same axis, the last two opera tions 
giving the n lh unit its position in the carbon chain.
By variation of the initial three independen t pa ram ete rs  d , 0 and </>, 
all kinds of helices may be genera ted  in this way. Obviously, partly 
helical chains can also be genera ted  by changing pa ram ete rs  during 
the process.
Minimizations of the potential energy function were perform ed with 
a local version of the Consistent Force-Field program m e of Niketic 
and Rasmussen4 modified to include P E F IM S and U A P E F . 
Typically, 400 steepest descent minimization steps (using the deriva­
tives of the potential energy function with respect to the cartesian 
coordinates) were followed by up to about 50 modified Newton 
minimization steps (using the second derivatives). In the modified 
Newton procedure , a linear search along the descent direction is 
incorporated to obtain  the optimal step length along this d irec tion4. 
The initial step, usually taken as 1 .0 -1 0 " 3 along this direction, was 
modified to an initial step of 1.0*10 s or 1 .0 1 0  12 and, in each 
minimization step, the search was s ta r ted  with this value. M inimiza­
tions so perform ed were much m ore effective because the step 
length was optimal in each iteration. Minima were considered  to be 
reached when the energy decrem en t in one minimization step was 
below 4 .2 TO 111 k J /m o l .
Using the potential energy function PE FIM , the hexamer, with 
hydrogen atom s term inating  the chain on both sides, rep resen ts  the
longest sequence that can be handled with this 99-atom version of 
the program m e. The hexadecam er represents  the maximum when 
the united atom potential energy function U A P E F  is applied.
T he  potential energy is considered to be a sum of pair-interaction 
functions and, for each atom  pair, half of the interaction energy is 
assigned to the individual atoms to approximate the ‘atomic s tra in ’. 
In the case of bond angles and torsion angles, the o u te r  atom pair is 
taken. The sum of the individual ‘atomic strains’ thus found is the 
total potential energy.
Acknowledgement
The authors gratefully remember the stimulating discus­
sions on the subject of this paper with the late Professor 
M.P. Groenewege.
References
1 Recent review and earlier references: R. J. M. Nolte and W. 
Drentli, Synthesis of polymers of isocyanides, chap ter  9 in W.J.  
Mijs, ed., New m ethods for polvmer synthesis, Plenum Press, New 
York, 1992.
2 C. Kollmar and  R. Hoffmann, J. Am. Chem. Soc. 112, 8230 
(1990).
3 T.J. Deming and B. M. N ovak , J. Am. Chem. Soc. 114, 4400 
(1992).
4 R. S. Niketic and K. Rasmussen, T he  consistent force field. Lec­
ture notes in chemistry, vol. 3, Springer, Heidelberg, 1977.
5 K. Rasmussen, J. Mol. Struct. 97, 53 (1983).
6 K. Rasmussen, J. Mol. Struct. 73, 171 (1981).
7 K. Rasmussen. Potential energy functions in conform ational analy­
sis, Lecture notes in chemistry, vol. 37, Springer, Berlin, 1985.
8 C.J. M. Huige, A. M. F. Hezemans and K. Rasmussen, J. Comp. 
Chem. 8, 204 (1987).
9 I. Hargittai and R. Seip, Acta Chem . Scand. A30, 540 (1976).
1,1 C. J. M. Huige, A. L. Spek and J. L. de Boew Acta Cryst. C41, 113 
(1985)
11 D. Grunbaum  and B.J. Bulkin , J. Phys. Chem. 79, 821 (1975).
